Abstract Abundant evidence supports a role of the sympathetic nervous system in the pathogenesis of obesity-related hypertension. However, the nature and temporal progression of mechanisms underlying this sympathetically mediated hypertension are incompletely understood. Recent technological advances allowing direct recordings of renal sympathetic nerve activity (RSNA) in conscious animals, together with direct suppression of RSNA by renal denervation and reflex-mediated global sympathetic inhibition in experimental animals and human subjects have been especially valuable in elucidating these mechanisms. These studies strongly support the concept that increased RSNA is the critical mechanism by which increased central sympathetic outflow initiates and maintains reductions in renal excretory function, causing obesity hypertension. Potential determinants of renal sympathoexcitation and the differential mechanisms mediating the effects of renal-specific versus reflexmediated, global sympathetic inhibition on renal hemodynamics and cardiac autonomic function are discussed. These differential mechanisms may impact the efficacy of current device-based approaches for hypertension therapy.
Introduction
Activation of the sympathetic nervous system plays an important role in the pathogenesis of hypertension, including hypertension associated with obesity [1, 2] . Although there is incomplete understanding of the role of the sympathetic nervous system in the pathogenesis of obesity hypertension, experimental and clinical studies conducted over the last few years have provided important insight into the mechanisms that account for sympathetic activation in obesity and the mechanisms that initiate and sustain the hypertension. This review will summarize these recent publications. Results from experimental and clinical studies using pharmacological strategies to block the sympathetic nervous system can be difficult to interpret from a mechanistic perspective because of incomplete blockade, off-target effects, and issues with patient compliance. These studies will not be presented. Rather, this review will focus on studies that have used nonpharmacological approaches to investigate the role of the sympathetic nervous system in the evolution of obesity hypertension. Particular attention will be given to experimental and clinical studies that have used novel device-based technology to suppress sympathetic activity and lower arterial pressure.
Device-Based Therapy for the Treatment of Resistant Hypertension
Recent technological advances have provided two nonpharmacological approaches for the treatment of resistant hypertension: electrical stimulation of the carotid sinus [3•, 4] and endovascular radiofrequency ablation of the renal nerves [5, 6•, 7] . In recent clinical trials these devices have substantially lowered arterial pressure in many patients with resistant hypertension [3•, 4, 5, 6•, 7] . However, significant blood pressure lowering has not been uniform in this heterogeneous patient population and the specific pathophysiological context for maximum efficacy has not been established. Chronic electrical stimulation of the carotid sinus activates the carotid baroreflex and lowers arterial pressure by suppressing central sympathetic outflow [4, 8, 9] . In contrast, by selective denervation of the kidneys, catheter-based endovascular radiofrequency ablation of the renal nerves lowers arterial pressure by diminishing renal efferent sympathetic nerve activity [5] . It has been hypothesized that renal nerve ablation may also decrease central sympathetic outflow by reducing renal afferent nerve traffic [5, 10] , but a recent report is inconsistent with this possibility [11] . Because obesity is highly prevalent in resistant hypertensive populations [3•, 6•, 7, 12] , results from clinical studies using these devices are instructive for understanding the role of the sympathetic nervous system in mediating obesity hypertension. However, the mechanisms that account for resistant hypertension are different and more poorly understood than those mediating obesity hypertension, and mechanistic insight into the cardiovascular responses to suppression of sympathetic activity by device-based therapy in patients with resistant hypertension is confounded by the multiple antihypertensive drugs that are essential to their therapy.
Increased Renal Sympathetic Nerve Activity in Obesity Hypertension
There is considerable evidence that the kidneys dominate in the long-term control of arterial pressure by altering body fluid volume through pressure natriuresis and that long-term increases in arterial pressure can only be achieved by mechanisms that decrease renal excretory function [13] . Because the sympathetic nervous system is activated in obesity hypertension, one way in which pressure natriuresis could be shifted to a higher pressure and therefore cause hypertension during weight gain is by increasing sympathetic outflow to the kidneys [14] [15] [16] [17] . This possibility is supported by the demonstration of increased renal norepinephrine (NE) spillover in both the early prehypertensive and advanced stages of hypertension in obese human subjects [1, 18, 19] . These indirect measures of renal sympathetic nerve activity (RSNA) are consistent with the report that bilateral renal denervation before weight gain prevented the development of obesity-induced hypertension in dogs fed a high-fat diet [20] . Two recent longitudinal studies in rabbits and dogs fed a high-fat diet provide further insight into the importance of increased RSNA in mediating obesity hypertension [21•, 22] . Rabbits and dogs fed a high-fat diet exhibit many of the same hemodynamic, neurohormonal, renal, and metabolic abnormalities associated with obesity in humans [2, 21•, 22] .
Rabbits instrumented for telemetric recordings of arterial pressure and RSNA were studied over a 3-week period of high-fat feeding [22] . Throughout this period, there was progressive weight gain along with increases in plasma levels of glucose, insulin, and leptin. RSNA, arterial pressure, and heart rate were all increased 1 week after initiation of the high-fat diet. These responses persisted throughout the 3 weeks of fat feeding. These observations from direct recording of RSNA support the concept that increased sympathetic outflow to the kidney both initiates and sustains obesity-related hypertension. The observation that baroreflex control of RSNA was depressed throughout the 3 weeks of the high-fat diet raises the possibility that baroreflex dysfunction may have contributed to chronic increases in RSNA. However, this interpretation is not easily validated by experimentation and the controversy surrounding it is discussed below.
To investigate the precise mechanisms whereby the sympathetic nervous system mediates obesity induced hypertension, the effects of global and renal specific suppression of sympathetic activity were compared in dogs with a 50 % increase in body weight after 4 weeks of feeding a high-fat diet [21•] . At this time they were insulin resistant, hyperinsulinemic, and hypertensive. Prolonged baroreflex activation (PBA) by chronic electrical stimulation of the carotid sinus during a week of established hypertension ( Fig. 1 ) reduced arterial pressure to control levels in parallel with sustained suppression of central sympathetic outflow, reflected by reductions in circulating plasma NE concentration. After terminating baroreflex activation, plasma NE concentration and arterial pressure returned to their previously elevated levels. Arterial pressure fell once again from hypertensive to normotensive control levels after bilateral renal denervation ( Fig. 1) but, in contrast to PBA, without reductions in plasma NE concentration. Because renal denervation abolished the hypertension and because activation of the baroreflex in hypertension suppresses RSNA [14, 15] , the authors attributed the antihypertensive effects of global reduction in sympathetic activity by PBA to suppression of RSNA. Because renal denervation did not reduce the high circulating levels of NE associated with weight gain, the authors surmised that sensory afferent signals from the kidneys do not contribute importantly to chronic sympathetic overactivity in obesity hypertension. Thus, despite obesity being a common feature in patients with resistant hypertension, this observation does not support the hypothesis that renal afferents add to systemic sympathetic activation in these subjects, as long as there is no overt renal disease. Most importantly, these responses demonstrate that the renal nerves play a critical role in maintaining obesity hypertension. Despite the concept of baroreceptor resetting and the uncertainty as to whether the baroreflex completely resets in response to long-term changes in arterial pressure [14, 15] , it is clear from this and a number of earlier studies during PBA that direct electrical stimulation of baroreceptor afferents has pronounced and sustained effects to suppress sympathetic activity and lower arterial pressure [3•, 4, 9, 16] .
The Renin-Angiotensin System in Obesity Hypertension
In obesity hypertension, increased RSNA may shift pressure natriuresis to a higher arterial pressure by increasing sodium reabsorption directly and also indirectly through the antinatriuretic effects of angiotensin II (ANG II) as a result of stimulating renin secretion. While increases in PRA have been reported in experimental animals and in human subjects during the development of obesity hypertension, sustained increases in PRA have not been a consistent finding [1, 2, 20, 21•] . Under conditions of constant sodium intake, increases in PRA occurred initially in dogs fed a high-fat diet, but those increases did not persist as weight gain progressed over the 4 weeks of the high-fat diet [21•] . Because progressive sodium retention leading to accumulation of extracellular fluid volume and higher arterial pressure developed concomitantly with weight gain, it is likely that these responses counteracted the neural drive for renin secretion, resulting in only a subtle final increase in renin secretion not easily discerned by intermittent measurements of PRA even in this well controlled longitudinal study. This observation does not discount the importance of even small increases in ANG II in mediating the hypertension since for the prevailing level of volume expansion and hypertension, even normal levels of ANG II would be considered inappropriately elevated. When measured 7 days after PBA and 14 days after renal denervation in the study illustrated in Fig. 1 , the antihypertensive responses to global and renalspecific inhibition of sympathetic activity were associated with substantial reductions in PRA. Similarly, in a case study, Schlaich et al. reported a 50 % decrease in PRA immediately following renal nerve ablation in a subject with resistant hypertension [23] . These observations point to the contribution of sympathetic drive in stimulating renin secretion in obesity hypertension and are in keeping with the efficacy of ANG II antagonists and angiotensin-converting enzyme inhibitors in reducing the severity of hypertension in obese animals and humans [2] .
Sympathetic Activity and Renal Function in Obesity Hypertension
In obese humans, impaired pressure natriuresis is initially due to neurally-mediated sodium reabsorption because GFR and renal blood flow are increased [2] . Tomaszewski et al. reported increases in estimated GFR in a large cohort of apparently healthy young men (mean age = 18 years) with elevated BMI and an unfavorable metabolic profile [24] . In a more recent study, creatinine clearance and MSNA were measured in 18 lean and 25 overweight or obese college students [25•] . The overweight/obese subjects were not hypertensive, but their systolic blood pressure and heart rate were slightly greater than in the lean controls. Additionally, overweight/obese subjects had impaired glucose tolerance and elevated fasting levels of insulin. Creatinine clearance was higher in overweight/obese subjects when compared to their lean counterparts, and increases in creatinine clearance were directly correlated with increases in MSNA. Increases in GFR early in the pathogenesis of obesity-related hypertension provide further evidence that neurally mediated increases in tubular sodium reabsorption play a causal role in the initiation of obesity hypertension [2, 21•] .
One possible explanation of the increased GFR in obesity is that increased RSNA increases sodium reabsorption prior to the macula densa. Increased sodium reabsorption in the proximal tubule or loop of Henle, sites of action of the renal nerves and ANG II, would increase fractional sodium reabsorption and decrease sodium delivery to the macula densa. This, in turn, would elicit a tubuloglomerular feedback (TGF) signal to dilate the afferent arteriole and increase GFR. Further, in overperfused kidneys, the vasoconstrictor effect of ANG II on efferent arterioles would exacerbate the hyperfiltration. Glomerular hyperfiltration may lead to progressive glomerular injury and add to the impairment of pressure natriuresis and hypertension attributed to enhanced tubular reabsorption.
The study in obese dogs illustrated in the figure provides novel insight into the differential renal actions of global and renal specific suppression of sympathetic activity by baroreflex activation and by renal denervation, respectively [21•] . PBA not only suppressed renin secretion and abolished hypertension as discussed above, but also chronically diminished the 35 % increase in GFR associated with obesity. Because suppression of sympathetic activity by baroreflex activation reduced the elevated rate of tubular sodium reabsorption, it was concluded that by increasing sodium delivery to the macula densa, PBA may reduce GFR by constriction of the afferent arteriole through the TGF mechanism indicated above and by diminishing the vasoconstrictor effects of ANG II on the efferent arterioles as a result of suppressing renin secretion. Support for this contention was provided by a follow up study in normotensive dogs [26] . In this study, the chronic blood pressure lowering effects of PBA were associated with sustained reductions in renal blood flow and GFR, and these responses to baroreflex activation were abolished during chronic administration of the calcium channel blocker amlodipine, which dilates the preglomerular vasculature.
As illustrated in Fig. 1 , PBA and renal denervation produced comparable reductions in arterial pressure and abolished obesity hypertension. However, in contrast to the reduction in glomerular hyperfiltration during baroreflex activation, GFR was increased further (by 10 %) at 2 weeks after surgical denervation of the kidneys. Because GFR increased in the absence of a change in fractional sodium reabsorption, the authors speculated that complete surgical renal denervation may decrease preglomerular resistance as a result of achieving reductions in RSNA that exceed those seen with suppression of sympathetic activity during baroreflex activation. The decrease in preglomerular resistance in this study is consistent with a reported 56 % increase in renal plasma flow immediately following renal nerve ablation in a patient with resistant hypertension [23] . Thus, by decreasing preglomerular resistance and increasing glomerular pressure, renal denervation may predispose obese patients to glomerular injury due to glomerular hypertension, particularly if the systemic antihypertensive response to renal nerve ablation is modest, as seen in some patients with resistant hypertension.
Despite the importance of the kidneys in long-term control of arterial pressure, there has been little focus on changes in renal function during device-based therapy in patients with resistant hypertension. Most reports to date indicate that estimated GFR is unchanged several months after endovascular renal nerve ablation in subjects with resistant hypertension [6•, 7, 27] . However, with the exception of one pilot study [28] , ablation of the renal nerves with this technology has been restricted to selected patients with little or no baseline impairment in estimated GFR, and follow-up has typically been 1 year or less. In a recent study, Alnima et al. reported a decrease in estimated GFR of~8 % after 6 months of baroreflex activation therapy in a large cohort of patients with resistant hypertension [29] . Thus, this modest reduction in GFR is consistent with the response to PBA reported in obese dogs, as discussed above [21•] . In the study reported by Alnima et al., the reduction in GFR did not intensify after 12 months of therapy, and reductions in GFR did not occur in subjects in the low GFR category (estimated GFR < 60 mL/min.). Therefore, whether the differential renal effects of global and renal-specific inhibition of sympathetic activity indicated in the experimental studies discussed above truly enhance or limit the long-term clinical benefit of lowering arterial pressure in subjects with resistant hypertension during treatment with these novel device-based therapies is unknown. The answer to this question will require careful long-term, temporal determination of renal function in subjects with different levels of renal impairment.
Autonomic Activity and Cardiac Arrhythmogenesis in Obesity
Obesity has a profound effect on cardiac automaticity, and obese subjects have an increased risk of arrhythmias and sudden death [30] [31] [32] [33] . While alterations in autonomic drive to the heart likely contribute to impaired cardiac automaticity in obesity, the causal mechanisms that lead to cardiac autonomic imbalance and the functional significance of sympatheticparasympathetic interactions in mediating cardiac arrhythmias is unclear. The role of heightened cardiac sympathetic activity in arrhythmogenesis in the prehypertensive stages of obesity has been discounted by early clinical studies indicating that, in contrast to increased sympathetic outflow to the kidneys and skeletal muscle vasculature, cardiac NE spillover is depressed in overweight or obese subjects in early disease progression [1, 18, 19] . In contrast, increases in both heart rate and cardiac NE spillover to levels exceeding those present in lean healthy normotensive individuals are present when hypertension is manifested [19] . A recent clinical study showed that overweight and obese children have higher resting heart rate and blood pressure than their leaner counterparts [34] . In another study, overweight or obese young adults had higher levels of MSNA and heart rates than their lean counterparts [25•] . Taken together, these data suggest that increased cardiac sympathetic activation may occur concomitantly with increases in arterial pressure in obese humans.
In contrast, experimental and clinical studies have consistently identified reduced cardiac vagal activity in obese experimental animals and in human subjects [35] [36] [37] , providing evidence for attenuated parasympathetic control of heart rate and suggesting a possible role in arrhythmogenesis. However, the studies mentioned above have investigated only steady state levels of activity of both cardiac autonomic limbs under resting conditions, disregarding their complementary and dynamic influence on cardiac automaticity during daily activity.
Low heart rate variability is a risk factor for cardiac arrhythmias and mortality [38] [39] [40] [41] [42] , and is present in obese individuals in association with impaired baroreflex control of heart rate [43] [44] [45] 46 •]. Heart rate variability reflects the balance of sympathetic and parasympathetic modulation of cardiac rhythmicity and their control by the arterial baroreflex. Thus, consideration should be given to reactive autonomic influences on cardiac function such as those occurring during obstructive sleep apnea (OSA), which is prevalent in obesity. OSA is associated with sympathetic activation, large increases in arterial pressure, and cardiac arrhythmias. The depressed baroreflex sensitivity and autonomic imbalance associated with obesity may allow unbuffered surges in sympathetic activity induced by acute apneic episodes to increase the risk of arrhythmias.
The potential for PBA to confer cardiac protection in obesity was recently investigated in the dog model of obesity hypertension. Based on continuous 24-hour recordings of arterial pressure and heart rate, dogs fed a high-fat diet showed tachycardia and marked reductions in heart rate variability and baroreflex control of heart rate even before increases in arterial pressure and substantial weight gain developed [47] . These responses intensified with weight gain and the development of hypertension. Although the central and peripheral mechanisms that account for decreased baroreflex sensitivity during weight gain and obesity have not been completely elucidated, chronic electrical activation of the baroreflex in obese dogs not only abolished the tachycardia but also restored baroreflex control of heart rate dynamics, presumably by improving cardiac sympathovagal balance [46•] . In sharp contrast, selective elimination of renal sympathetic drive by surgical renal denervation had no effect on either steady state or dynamic measures of heart rate [47] .
Therefore, the role of altered sympathetic-parasympathetic interactions in obesity-related autonomic cardiac modulation is more complex than is evident from single time-point measurements of autonomic influences on the heart or mean values of heart rate. The mechanisms by which electrical baroreflex activation improves cardiac sympathovagal balance need further exploration. It is likely that these mechanisms improve heart rate variability through modulation of the sympathetic and parasympathetic limbs of the baroreflex. Therapies targeted at restoration of baroreflex control of heart rate have the potential to reduce the risk of life-threatening arrhythmias, frequently associated with obesity hypertension.
Causes of Sympathetic Activation in Obesity
Sustained activation of the sympathetic nervous system in obesity hypertension has been attributed to hyperleptinemia, OSA, hyperinsulinemia, increased circulating lipids, increased circulating ANG II, and impaired baroreflexes, although there is often little supporting evidence for cause and effect relationships. New insight into potential mechanisms for sympathetic activation follows.
Leptin. Recent experimental and clinical studies support a strong link between circulating leptin, secreted primarily from adipocytes, and the initiation and maintenance of obesity hypertension. Based on 9102 semiannual arterial pressure and height/weight assessments in children (mean age = 10.2 years) with follow up for 4.5 years, Tu et al. reported significantly higher arterial pressure and a greater proportion of arterial pressure measurements in the prehypertensive/hypertensive range when body mass index (adjusted for age and sex) was in the overweight/obesity category [34] . In addition, plasma leptin concentration was 3-4 times higher in overweight/obese children than in normal weight children. In a large cohort of adults (n = 5599), Shankar and Xiao reported that higher plasma leptin levels are positively associated with hypertension in both men and women [48] . These findings suggest that leptin is a critical link between obesity and hypertension, consistent with seminal studies showing that leptin-or leptin receptordeficient, obese mice have little or no increase in arterial pressure compared to their lean controls [2, 49] .
As discussed above, in an experimental model of obesityinduced hypertension, plasma leptin concentration increased progressively with weight gain in rabbits fed a high-fat diet [22] . Moreover, nerve recordings showed that intracerebroventricular injection of a leptin antagonist decreased the elevated levels of RSNA in these conscious hypertensive rabbits, providing direct evidence for a causal relationship with central leptin signaling accounting for increased renal sympathetic outflow [50•] . In contrast, despite hyperinsulinemia, an insulin antagonist did not affect RSNA, adding to the evidence that insulin does not promote obesity hypertension by chronically stimulating the sympathetic nervous system [2] . Suppression of RSNA by the leptin antagonist is consistent with a much earlier report that renal NE spillover is directly correlated with plasma leptin concentration in humans with essential hypertension [51] . Taken together, these studies provide strong evidence that associations between leptin and arterial pressure are causal and that leptin plays a critical role in both the initiation and maintenance of obesity hypertension by increasing RSNA through its actions on the central nervous system.
Obstructive Sleep Apnea. OSA is commonly associated with obesity, and OSA and hypertension are believed to be causally related, possibly through sustained activation of the sympathetic nervous system [12, 52] . However, the precise mechanism whereby OSA leads to persistent sympathetic activation is unclear. In an interesting twist, Witkowski et al. showed that OSA was a consequence as well as a cause of increased sympathetic activity in patients with OSA who underwent renal nerve ablation therapy for the treatment of resistant hypertension [53] . They reported that the apnea-hypopnea index improved in 8 of 10 patients 6 months after renal denervation therapy. A possible mechanistic link between the improved incidence of OSA and renal denervation was provided by an earlier study showing that displacement of fluid from the legs to the neck overnight strongly relates to the severity of OSA in patients with both controlled and resistant hypertension [54] . Thus, by reducing rostral fluid shifts as a result of increasing renal excretory function and reducing body fluid volume, renal denervation may decrease the prevalence of OSA by diminishing peripharyngeal fluid accumulation, which may predispose to upper airway obstruction. If this hypothesis is correct, the finding would suggest a positive feedback between increased RSNA and OSA, i.e., increases in RSNA mediated by mechanisms independent of airway obstruction would promote fluid retention, and the resultant fluid retention would exacerbate OSA. In turn, increased OSA would increase RSNA further, leading to more fluid retention and more severe hypertension. Consistent with this possibility, measurements of resting muscle sympathetic nerve activity in hypertensive subjects showed that the sympathetic activation in metabolic syndrome occurs independently of OSA, but that OSA markedly potentiates the sympathoexcitation [46•].
Baroreflex Dysfunction. Several studies have demonstrated that baroreflex control of sympathetic activity is impaired in animals and humans with established obesity, but the time course and physiological significance of this dysfunction is unclear [43, 46•, 55, 56] . Armitage et al. recently reported that impaired baroreflex control of RSNA was an early as well as a chronic response in the development of obesity hypertension in rabbits fed a high-fat diet [22] . However, this dysfunction occurred in parallel with increases in plasma leptin concentration, and it is unclear whether impaired baroreflex suppression of central sympathetic outflow added to the early renal sympathoexcitatory effects of leptin. Another obstacle to accepting this possibility is that baroreceptors reset to the level of arterial pressure to which they are exposed and, therefore, if resetting is complete, the baroreflex could not produce sustained suppression of sympathetic activity in hypertension. However, because of technical limitations, few studies have assessed the magnitude to which resetting of the baroreflex occurs [14, 15] . In this regard, studies in chronically instrumented animals have shown that baroreflex resetting is incomplete and that baroreflex-mediated suppression of renal sympathetic outflow is sustained in experimental models of hypertension [14, 15] . In particular, use of Fos-like immunohistochemistry showed chronic activation of the neurons in the central baroreflex pathway in dogs with obesity hypertension of6 weeks in duration [57] . This finding was interpreted to indicate that chronic activation of the baroreflex diminishes the increase in central sympathetic outflow in obesityinduced hypertension. Based on these observations, it follows that baroreflex dysfunction may contribute to sustained increases in RSNA in obesity hypertension. The authors believe that the importance of baroreflex dysfunction as an accessory determinant of chronic increases in RSNA in obesity hypertension is an open question and should not be casually dismissed or accepted.
Conclusions
There is abundant evidence that obesity is characterized by activation of the sympathetic nervous system and that sympathetic activation contributes to obesity-related hypertension. However, the time course of this activation and the specific mechanisms that account for this form of hypertension are incompletely understood. Findings from recent experimental and clinical studies have provided further insight into these issues and strongly support the concept that increased RSNA is the critical link between increased central sympathetic outflow and reductions in renal excretory function that initiate and sustain the hypertension. Device-based therapy that suppresses RSNA is efficacious in reducing arterial pressure in many patients with resistant hypertension, who are commonly obese. However, mechanistic insight from experimental studies using these technologies and/or their approaches for suppressing sympathetic activity indicate that appreciable differences may exist between global and renal-specific sympathoinhibition on renal hemodynamics and autonomic control of cardiac function. Whether the differences observed in experimental studies translate into either untoward outcomes or additional clinical benefit with device-based therapy will depend on the findings from appropriately designed prospective clinical trials.
